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Introduction
Emerging evidence has pointed to lipids as a regulator of insulin signaling. Excess free fatty acids (FFAs) in skeletal muscle cells, liver cells, and adipocytes may attenuate insulin signaling by inhibiting insulin-induced Akt activation or upregulating protein tyrosine
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albumin (BSA) supplemented with 10 mM glucose for 1 h at 37 °C. Cells were treated with insulin in the presence and absence of DAPE or DPPE for 20 min. Then, cells were homogenized by sonication in an ice-cold mitochondrial buffer [210 mM mannitol, 70 mM sucrose, and 1 mM EDTA, 10 mM HEPES, pH 7.5] containing 1% (v/v) protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) and subsequently, homogenates were centrifuged at 800 g for 5 min at 4 °C. The supernatants were centrifuged at 11,000 g for 15 min at 4 °C and further, the collected supernatants were ultracentrifuged at 100,000 g for 60 min at 4 °C to separate the cytosolic and plasma membrane fraction. The supernatants and pellets were used as the cytosolic and plasma membrane fractions, respectively. Whether the cytosolic and plasma membrane components were successfully separated was confirmed in the Western blot analysis using antibodies against the cytosolic marker lactate dehydrogenase (LDH) and the plasma membrane marker cadherin. Protein concentrations for each fraction were determined using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Plasma membrane fraction proteins were resuspended in the mitochondrial buffer containing 1% (w/v) sodium dodecyl sulfate (SDS). Proteins for each fraction were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with TBS-T [150 mM NaCl, 0.1% (v/v) Tween-20, and 20 mM Tris, pH 7.5] containing 5% (w/v) BSA, blotting membranes were reacted with an anti-c-myc antibody (Merck Millipore, Darmstadt, Germany) followed by a horseradish peroxidase (HRP)-conjugated goat antimouse IgG antibody. Immunoreactivity was detected with an ECL kit (Invitrogen, Carlsbad, CA, USA) and visualized using a chemiluminescence detection system (GE Healthcare, Piscataway, NJ, USA). Signal density was measured with an ImageQuant software (GE Healthcare).
Monitoring of phosphorylation of insulin receptor, insulin receptor substrate 1 (IRS-1), Akt1/2, mammalian target of rapamycin (mTOR), and ERK1/2
3T3-L1-GLUT4myc adipocytes were treated with insulin in the presence and absence of DPPE, and then lysed in a lysate solution (TBS-T) [150 mM NaCl, 20 mM Tris, 0.1% (v/v) Tween-20 and 0.1% (w/v) SDS, pH 7.5] containing 1% (v/v) protease inhibitor cocktail and 1% (v/v) phosphatase inhibitor cocktail. The lysates were centrifuged at 800 g for 5 min at 4 °C. Proteins were separated by SDS-PAGE and then transferred to PVDF membranes. Blotting membranes were blocked with TBS-T containing 5% (w/v) BSA and subsequently reacted with antibodies against phospho-Tyr1185-insulin receptor β subunit (pY1185) (Bioss, Inc., Woburn, MA, USA), insulin receptor β-subunit (Thermo Fisher Scientific), phospho-Tyr1222-IRS-1 (pY1222)(Cell Signaling Technology, Inc., Danvers, MA, USA), IRS-1 (Santa Cruz Biotechnology, Inc., Dallas, Texas, USA), phospho-Thr308/309-Akt1/2 (pT308/309)(Cell Signaling Technology), phosphoSer473/474-Akt1/2 (pS473/474)(Cell Signaling Technology), Akt1/2 (Cell Signaling Technology), phospho-Ser2448-mTOR (pS2448)(Cell Signaling Technology), mTOR (Cell Signaling Technology), phospho-Thr185/202Tyr187/204-ERK1/2 (pERK1/2)(Santa Cruz Biotechnology), and ERK1/2 (Santa Cruz Biotechnology). After washing, membranes were reacted with an HRP-conjugated goat anti-mouse IgG or goat anti-rabbit IgG antibody. Immunoreactivity was detected with an ECL kit (Invitrogen) and visualized using a chemiluminescence detection system (GE healthcare). Protein concentrations for each sample were determined with a BCA protein assay kit (Thermo Fisher Scientific).
Glucose uptake assay 3T3-L1-GLUT4myc adipocytes were incubated in the Krebs-Ringer-HEPES buffer containing 0.2 % (w/v) BSA supplemented with 10 mM glucose for 1 h at 37 °C. Then, cells were untreated and treated with insulin (100 nM) in phosphate buffered saline (PBS) supplemented with 10 mM glucose for 2 h at 37 °C. After treatment, extracellular solution was collected and glucose was labeled with p-aminobenzoic ethyl ester (ABEE). Then, 5 µl of ABEE-labeled solution was injected onto the column (150 X 4.6 mm) equipped in the high performance liquid chromatography (HPLC) system. ABEE-labeled glucose was detected at an excitation wavelength of 305 nm and an emission wavelength of 360 nm using a fluorescence detector. Glucose concentration taken up into cells was calculated by subtracting extracellular glucose concentration after incubation for 2 h from initial extracellular glucose concentration (10 mM).
Statistical analysis
Statistical analysis was carried out using analysis of variance (ANOVA) followed by a Bonferonni correction and Dunnett's test. We regarded P<0.05 as significant difference. Effects of phosphatidylethanolamines on activities of PP1, PP2A, and PTP1B. PP1 (A), PP2A (B), or PTP1B (C) was reacted with pNPP in the presence and absence of DAPE, DLPE, DOPE, and DPPE at a concentration of 100 µM together with and without calyculin A (Caly A) (20 nM), okadaic acid (Oka A)(2 nM), or sodium orthovanadate (Na 3 VO 4 )(1 µM), and dephosphorylated pNPP was quantified. In the graphs, each value represents the mean (± SEM) percentage of basal phosphatase activity (Control)(n=4 independent experiments). P values as compared with control, Dunnett's test.
DPPE inhibits insulin-induced Akt1/2 activation
Of the investigated phosphatidylethanolamines DPPE had the highest potential to enhance PP2A and PTP1B activities. Insulin initiates insulin signals through tyrosine phosphorylation of insulin receptor and IRS-1. PTP1B dephosphorylates tyrosine phosphorylation. Then, we supposed that the PTP1B enhancer DPPE might facilitate dephosphorylation of insulininduced tyrosine phosphorylation of insulin receptor and IRS-1. To address this issue, we examined the effect of DPPE on insulin-induced tyrosine phosphorylation of insulin receptor and IRS-1 in 3T3-L1-GLUT4myc adipocytes. DPPE did not affect expression of insulin receptor, IRS-1, and β-actin in the presence and absence of insulin (Fig. 3A,B) . DPPE actually attenuated insulin (100 nM)-induced phosphorylation of insulin receptor at Tyr1185 and IRS-1 at Tyr1222 in a concentration (1-30 µM)-dependent manner, but the effect was not significant (Fig. 3A,B ). This suggests that DPPE does not enhance PTP1B activity sufficiently to dephosphorylate insulin-stimulated tyrosine phosphorylation of insulin receptor and IRS-1.
Insulin activates Akt1/2 by phosphorylating at Thr308/309 and Ser473/474 through a pathway along an insulin receptor/IRS-1/phosphatidylinositol 3 kinase (PI3K)/3-phosphoinositide-dependent protein kinase-1 (PDK1) axis. PP2A dephosphorylates serine/ threonine phosphorylation, and inactivates Akt1/2 by dephosphorylating phosphorylation at Thr308/309 and Ser473/474, preferentially Thr308/309 [5] . We subsequently examined the effect of DPPE on insulin-induced serine/threonine phosphorylation of Akt1/2. DPPE significantly inhibited insulin (100 nM)-induced phosphorylation of Akt1/2 at Thr308/309 and Ser473/474 in a concentration (1-30 µM)-dependent manner, without affecting each basal phosphorylation in the absence of insulin (Fig. 4A ). This suggests that the PP2A enhancer DPPE inhibits insulin-induced Akt1/2 activation by promoting serine/threonine dephosphorylation of Akt1/2.
Insulin, alternatively, activates mTOR by stimulating Akt-mediated phosphorylation of mTOR at Ser2448 [6] [7] [8] [9] . Conversely, activated mTOR phosphorylates Akt1/2 at Ser473/474, leading to further enhancement of Akt1/2 activity [10, 11] . In the present study, insulin (100 nM) enhanced phosphorylation of mTOR at Ser2448, and the effect was significantly Fig. 3 . Effects of DPPE on insulin-induced phosphorylation of insulin receptor (IR) and IRS-1 in 3T3-L1-GLUT4myc adipocytes. Cells were untreated and treated with insulin (Ins)(100 nM) in the presence and absence of DPPE at concentrations as indicated for 10 min, followed by Western blotting using antibodies against pY1185, IR, pY1222, and IRS-1. Signal intensities for phosphorylation of IR and IRS-1 were normalized by those for total each protein. In the graphs, each column represents the mean (± SEM) normalized intensity for phosphorylation of IR (A) and IRS-1 (B)(n=4 independent experiments). (Fig. 4B ). This suggests that DPPE inhibits insulin-induced activation of Akt1/2 followed by mTOR, allowing additional Akt1/2 inhibition. We further monitored the effect of DPPE on threonine phosphorylation of ERK1/2 in another insulin signaling pathway distinct from an insulin receptor/IRS-1/PI3K/PDK1/ Akt pathway. Insulin (100 nM) enhanced ERK1/2 phosphorylation, and the effect on ERK2 phosphorylation was significantly prevented by DPPE (30 µM) (Fig. 4C ). This suggests that DPPE could inhibit insulin-induced ERK2 activation by facilitating PP2A-mediated dephosphorylation of threonine phosphorylation of ERK2.
DPPE inhibits insulin-stimulated GLUT4 translocation and glucose uptake into cells
Akt is a key factor for GLUT4 translocation to the cell surface. If DPPE inhibits insulininduced Akt1/2 activation, then it should prevent insulin-stimulated GLUT4 translocation to the cell surface. We therefore examined the effect of DPPE on GLUT4 translocation in 3T3-L1-GLUT4myc adipocytes. Insulin (100 nM) significantly increased GLUT4 localization on 
and ERK1/2 phosphorylation (C) for 10 min, followed by Western blotting using antibodies against pT308/309, p S 4 7 3 / 4 7 4 , Akt1/2, pS2448, mTOR, pERK1/2, and ERK1/2. Signal intensities for phosphorylation of Akt1/2, mTOR, and ERK1/2 were normalized by those for total each protein.
In the graphs, each column represents the mean (± SEM) normalized intensity for phosphorylation of Akt1/2 (A), mTOR (B) and ERK1/2 (C) (n=4 independent experiments). P values as compared with the intensity for cells treated with insulin in the absence of DPPE, Dunnett's test. NS, not significant. (A)(C) Western blotting was carried out in samples separated into the cytosolic (C) and plasma membrane fractions (M) from total cell lysates using an anti-cmyc antibody. In the graphs, each column represents the mean (± SEM) ratio of signal intensity for c-myc in the plasma membrane fraction relative to that in the total cell (n=4 independent experiments). (B)(D) Western blotting was carried out in total cell lysates using an anti-c-myc antibody. In the graphs, each column represents the mean (± SEM) ratio of signal intensity for c-myc in total cells (n=4 independent experiments). P values, ANOVA followed by a Bonferonni correction. NS, not significant. Fig. 6 . Effect of DPPE on glucose uptake into 3T3-L1-GLUT4myc adipocytes. Cells were untreated and treated with insulin (Ins)(100 pM) in the presence and absence of DPPE (30 µM) in PBS containing glucose (10 mM) for 2 h, and then extracellular glucose was measured by HPLC. In the graph, each column represents the mean (± SEM) glucose uptake (nmol/µg protein/min)(n=4 independent experiments). P values, Dunnett's rest. NS, not significant. In the glucose assay, insulin (100 pM) stimulated glucose uptake into 3T3-L1-GLUT4myc adipocytes, and the effect was significantly prevented by DPPE (30 µM) (Fig. 6) . Overall, these results indicate that DPPE inhibits insulin-stimulated GLUT4 translocation to the cell surface and glucose uptake into cells.
Discussion
One of the major finding is that of phosphatidylethanolamines examined here DLPE and DPPE enhanced PP2A and PTP1B activities, with the higher potential for DPPE than for DLPE, while PP1 activity was not affected. DAPE, DLPE, DOPE, and DPPE contain arachidonic acid (20:4), linoleic acid (18:2), oleic acid (18:1), and palmitoleic acid (16:1) both at the a (1) and β (2) positions, respectively (Fig. 1) . This suggests that the potentiating action of DLPE and DPPE on PP2A and PTP1B activities is independent of the number of carbon atoms of the fatty acid chain or double bonds. Amazingly, we have found that unsaturated FFAs oleic acid, linoleic acid, and linolenic acid (18:3) serve as a strong inhibitor of PTP1B and that saturated FFAs myristic acid (C14:0), palmitic acid (C16:0), stearic acid (C18:0), and behenic acid (C22:0) suppress PP2A and PTP1B activities [12] . How DLPE and DPPE enhances PP2A and PTP1B activities and conversely, how unsaturated and saturated FFAs suppress PP2A and PTP1B activities are presently far from understanding. To address these questions, we are currently attempting further intensive experiments.
Insulin initiates a PI3K/PDK1/Akt signal following tyrosine phosphorylation of its own receptor and IRS-1, to stimulate GLUT4 delivery to the cell surface and glucose uptake into cells. PTP1B inactivates insulin receptor and IRS-1 by dephosphorylating tyrosine phosphorylation of them. In the present study, DPPE reduced insulin-induced tyrosine phosphorylation of insulin receptor and IRS-1, without affecting expression of insulin receptor and IRS-1, in 3T3-L1-GLUT4myc adipocytes, but unexpectedly the inhibitory effect was not significant. This suggests that DPPE could not sufficiently attenuate insulin signaling through PTP1B-mediated tyrosine dephosphorylation of insulin receptor and IRS-1.
DPPE, on the other hand, significantly reduced insulin-induced phosphorylation of Akt1/2 both at Thr308/309 and Ser473/474 in 3T3-L1-GLUT4myc adipocytes. This indicates that DPPE obstructs insulin signaling through PP2A-mediated serine/threonine dephosphorylation and inactivation of Akt1/2. In addition, DPPE significantly reduced insulin-induced phosphorylation of mTOR at Ser2448 in 3T3-L1-GLUT4myc adipocytes. Insulin activates mTOR by phosphorylating at Ser2448 through a pathway along an insulin receptor/IRS-1/PI3K/PDK1/Akt axis [6] [7] [8] [9] , and activated mTOR phosphorylates Akt1/2 at Ser473/474, which establishes a positive-feedback loop for Akt1/2 activation [10, 11] . This
indicates that DPPE-operated mTOR inhibition contributes to further reduction of Akt1/2 activity. DPPE reduced insulin-induced ERK2 threonine phosphorylation, possibly by facilitating PP2A-mediated dephosphorylation of the phosphorylation. In contrast, insulin-induced ERK1 threonine phosphorylation was not significantly inhibited, although DPPE tended to reduce the phosphorylation. It is presently unknown why DPPE preferentially inhibits ERK2. mTOR functions in two distinct multi-protein complexes. mTOR in complex 1 (mTORC1) contains the regulatory-associated protein of mTOR (raptor) and proline rich Akt substrate 40 kDa (PRAS40) and mTOR in complex 2 (mTORC2) contains rapamycin-insensitive companion of mTOR (rictor) and stress-activated MAP kinase-interacting protein 1 (Sin1) [13] . Recent evidence has pointed to the role of mTORC1 and mTORC2 in the inhibition of c-Jun N-terminal kinase (JNK), a MAP kinase [14] . If DPPE inhibits mTOR, then DPPE should enhance JNK activity. JNK is shown to counteract insulin signaling by phosphorylating IRS-1 at Ser307 and neutralizing insulin-induced IRS-1 activation [15, 16] . Accordingly, DPPEinduced mTOR inhibition and the ensuing enhancement of JNK activity might also contribute to pathogenesis of insulin resistance.
Akt plays a central role in the regulation of GLUT4 translocation to the cell surface and glucose uptake into cells. In the present study, DPPE inhibited insulin-stimulated GLUT4 translocation to the cell surface in 3T3-L1-GLUT4myc adipocytes, although such effect was not obtained with DAPE, that has no effect on PP2A activity. DPPE also inhibited insulinstimulated glucose uptake into adipocytes. Overall, we drew a conclusion that DPPE inhibits insulin-induced Akt1/2 activation by promoting PP2A-mediated dephosphorylation at Thr308/309 and Ser473/474; DPPE inhibits insulin-induced mTOR activation in association with PP2A-mediated Akt1/2 inhibition, to further reduce Akt1/2 activity; and these inhibitory effects of DPPE on Akt1/2 causes obstruction of the ensuing insulin signaling responsible for GLUT4 translocation to the cell surface and glucose uptake into adipocytes (Fig. 7) .
Phosphatidylethanolamine, which is the most abundant lipid on the cytoplasmic layer of cellular membranes, plays significant roles in cellular processes such as membrane fusion [17] , cell cycle [18] , autophagy [19] , apoptosis [20] , and cognitive function [21] . Three main biochemical pathways are recognized for production of phosphatidylethanolamine; CDP-ethanolamine Kennedy pathway, mitochondrial phosphatidylserine decarboxylation pathway catalyzed by phosphatidylserine decarboxylase, and acylation of lysophosphatidylethanolamine catalyzed by lysophosphatidylethanolamine acyltransferase. CDP-ethanolamine Kennedy pathway is the only route for de novo synthesis of phosphatidylethanolamine [22] . Phosphorylation of ethanolamine by ethanolamine kinase to produce phosphoethanolamine is followed by the CTP:choline cytidylyltransferase 2 (Pcyt2)-mediated production of CDP-ethanolamine. The final reaction in this pathway is executed by CDP-ethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase to produce phosphatidylethanolamine. The analogous enzymes of the CDP-choline brunch of the Kennedy pathway include choline kinase, Pcyt1, and CDP-choline:1,2-diacylglycerol cholinephosphotransferase. In the liver phosphatidylethanolamine is transformed into phosphatidylcholine catalyzed by phosphatidylethanolamine N-methyltransferase. Phosphatidylethanolamine is also produced in mitochondria by phosphatidylserine decarboxylase-catalyzed decarboxylation of phosphatidylserine. Mammals do not synthesize phosphatidylserine de novo; phosphatidylserine is produced by the headgroup exchange from phosphatidylethanolamine catalyzed by phosphatidylserine synthase-2 or phosphatidylcholine catalyzed by phosphatidylserine synthase-1. Moreover, phosphatidylethanolamine is produced by lysophosphatidylethanolamine acyltransferasecatalyzed fatty acid esterification of lysophosphatidylethanolamine. Several avenues of evidence have shown that Pcyt2 knockout mice have metabolic syndrome such as elevated lipogenesis and lipoprotein secretion, hypertriglyceridemia, liver steatosis, obesity, and insulin resistance in the liver [22] [23] [24] . Interestingly, the phosphatidylethanolamine content in these mice is not downregulated. Accordingly, insulin resistance found in Pcyt2 knockout mice is likely due to a consequence of deregulation of homeostasis of phosphatidylethanolamine
biosynthesis rather than to a direct effect of phosphatidylethanolamine. In the present study, DPPE attenuated insulin signaling responsible for GLUT4 translocation to the cell surface and glucose uptake into adipocytes. This suggests that DPPE might be a factor responsible for insulin resistance and progression to type 2 diabetes and that DPPE might worsen metabolic syndrome closely related to insulin resistance and type 2 diabetes. This may interpret that phosphatidylethanolamines exhibit different effects on glucose metabolism, depending upon phosphatidylethanolamine types or cell types, e.g., between hepatocytes and adipocytes. To address this question, we are currently carrying out further experiments.
In conclusion, the results of the present study show that DPPE serves as a potent PP2A enhancer, to inhibit insulin-induced Akt activation by promoting serine/threonine dephosphorylation of Akt and therewith inhibiting mTOR, responsible for GLUT4 translocation to the cell surface and glucose uptake into adipocytes (Fig. 7) . This may represent a new action of phosphatidylethanolamines including DPPE on insulin signaling.
